In the ISM these reactions may proceed by these direct pathways or indirectly through coupled exothermic reaction pairs involving other species to achieve 13 C/ 12 C isotope exchange.
INTRODUCTION
Experimental and theoretical studies of stable isotope fractionations have played an important role in many aspects of chemistry, including geo-and cosmochemistry, for over half a century, dating from the pioneering studies of Urey, 1 who presented partition functions for the 12 C and 13 C variants of the carbon species C ͑diamond͒, CO, CO 2 , CO 3 ϭ , HCN, and CN Ϫ and equilibrium constants for their isotope exchange reactions, as well as similar results for species containing other stable isotopes. While Craig 2 discussed the difficulties of applying Urey's methods to fractionation in solidgas equilibria, many such studies followed, including those by Bottinga, 3-5 and Bottinga and Craig, 6 with an emphasis on equilibria involving C ͑graphite and diamond͒, CO 2 , CaCO 3 , and H 2 O. These results and others were summarized by Richet et al., 7 while equilibrium isotope effects in general were reviewed by Bigeleisen et al. 8 Isotope fractionation in interstellar clouds, including that of C isotopes, was discussed in detail in Watson's review 9 of interstellar molecular reactions. Smith and Adams carried out laboratory studies 10 of fractionation in the reactions of C ϩ and HCO ϩ with CO, and discussed the implications for interstellar reactions. A representative study 11 of the 12 C/ 13 C ratio in comets is that based on studies of the CN radical in comet Halley. Further carbon isotope studies include those of CO and C ϩ in the Orion molecular cloud. 12 Quite recently C isotope fractionation studies played an important role in developing evidence for life on earth approximately 3800 Myr ago 13 and possibly on Mars. 14 More relevant to our present study are the many investigations of the relationships between observed isotope fractionations in the ion-molecule reactions occurring in molecular clouds to nuclear abundances in the interstellar medium ͑ISM͒. Townes 15 discussed the implications of observed isotopic abundances in interstellar clouds, while Wannier 16 discussed the implications of Watson's 9 proposed chemical models for isotope fractionations for evolution of the ISM. Herbst and Klemperer 17 pioneered model studies of ion-molecule reactions; the latter studies were reviewed in detail by Green. 18 Other reviews include those by Smith and Adams, 19 Kroto, 20 and Dalgarno. 21 In addition, the very recent text by Cowley 2 contains an excellent chapter on isotope effects. Observations of 12 C/ 13 C ratios in molecular clouds have continued, 23, 24 as have model studies 25, 26 of the chemical reactions which likely occur in the ISM. A recent review 27 of abundances in the ISM concludes that there most likely is a statistically meaningful dependence of the 12 C/ 13 C ratios in molecular clouds on the distance of the clouds from the galactic center, with this ratio being smallest ͑ϳ20-25͒ near the center, as in the clouds Sgr ͑Sagittarius͒ A and B, and increasing with distance to the solar system value of 89.
In our study we have used computational quantum chemical methods to calculate reduced partition function ratios and equilibrium constants for 13 C equilibrium fractionations in ion-molecule reactions, with particular emphasis on the HCO ϩ /CO and HOC ϩ /CO reaction pairs. We have also explored in detail the structures and energetics of various states of the C 2 O ϩ ion as may be involved in the isotope exchange reaction between C ϩ and CO, proposed by Watson 9 to occur in the ISM.
COMPUTATIONAL METHOD
Electronic structure calculations were made with the GAUSSIAN 94 program 28 at the CISD level ͑configuration interaction including all single and double excitations from the SCF reference configuration͒ using initially the split-valence plus polarization basis set 6-31 G** ͑six second-order ͑5 d-type plus 1 s-type͒ Gaussians for each heavy atom and three p-type for hydrogen͒ for HCO ϩ and HOC ϩ , and the basis set 6-31G* ͑six second-order Gaussians for each heavy atom͒ for CO and C 2 O ϩ . This computational level is designated as CISD/6-31G** ͑or CISD/6-31G* if no H atoms present͒. Molecular geometries were optimized at this level using analytic gradients, while vibrational frequencies for stationary points were calculated from finite differences of analytic gradients. The energies of a number of possible structures for transition states ͑saddle points͒ and intermediates ͑local minima͒ for the C 2 O ϩ adduct as formed in the isotope exchange reaction between C ϩ and CO were computed at their CISD/6-31G* optimized geometries using the higher computational level QCISD͑T͒/6-311G(2d f )// CISD/6-31G*. These letters designate quadratic configuration interaction with single, double, and triple electronic excitations, with a triple-zeta basis set augmented by two sets of d-type and one set of f -type polarization functions.
Using the computed molecular structures and vibrational frequencies we next calculate the reduced partition function ratio Q( C isotopic species of a given molecule. ͑Calculating the ratios of the molecular partition functions for isotopic species implicitly assumes invocation of the Teller-Redlich product rule, with the consequence that the molecular structural information contained in moments of inertia cancels, leaving the reduced ratios dependent only on isotopic changes in harmonic vibrational frequencies.͒ The reduced partition function ratio is defined as the ratio of the actual partition functions multiplied by the factor ͓m( , where n is the number of carbon atoms exchanged; for n of 1 this mass factor equals 1.128 005. ͑For reactions in which 18 O replaces 16 O there is similar factor of ͓m( ϭ1.193 728.͒ Thus defined, the reduced partition function ratio for exothermic exchange reactions approaches plus infinity as the temperature T approaches zero, but unity as T approached infinity. To obtain these ratios we calculated the molecular partition functions assuming ideal gas behavior for a range of temperatures from Tϭ10 to Tϭ1000 K. All vibrations are assumed to be harmonic and all rotations classical ͑high-temperature limit͒. The equilibrium constant K eq expressed in terms of thermodynamic activities a គ 
RESULTS AND DISCUSSION
Zero-point energies, spectroscopic constants, and partition functions
In Table I we list the computed zero-point energies in K together with computed rotational constants and harmonic vibrational frequencies, also expressed in K, for the various isotopomers of CO, HCO ϩ , and HOC ϩ . We have chosen to express these constants in temperature units rather than wave numbers as our applications are primarily statistical thermodynamic rather than spectroscopic. In Tables II, III, and IV we list as a function of temperature reduced partition function ratios Q( Equilibrium constants K eq as a function of temperature for isotope exchange reactions having the form of the generic reaction ͑2͒ are given by the quotient of the appropriate pair of reduced partition function ratios as given in Tables II-IV. If the species A is atomic carbon ͑charged or neutral͒, the equilibrium constants are given directly by the reduced partition function ratio for species B as that for the atomic species is taken to be unity. Values of ␦( 13 C) for any exchange reaction may be obtained given some assumption about the relationship of ␦ for species B to that for species A.
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In Table V We do not tabulate the K eq values for the slightly exothermic reactions ͑11͒ and ͑12͒, as they may be readily obtained by combining tabulated values. While at temperatures of say, 10 to 50 K, ⌬G°values for isotope exchange reactions are approximated well by zero-point energy differences ͑⌬ZPE's͒, so that equilibrium constants are approximately exp(Ϫ⌬ZPE/RT), at temperatures of several hundred K the ⌬G°values are considerably smaller in magnitude than the ⌬ZPE's. For reaction ͑5͒ ⌬ZPE is Ϫ158 J mol Ϫ1 , while ⌬G°at 500 K is Ϫ96 J mol
Ϫ1
; K eq is 1.023 vs 1.039 if approximated as exp(Ϫ⌬ZPE/RT). The difference appears slight, but the deviations from unity, to which equilibrium fractionations are closely related, are significantly different. In their laboratory SIFT ͑selected ion flow tube͒ studies of the reactions of HCO ϩ with CO, Smith and Adams 10 obtained K eq values for reaction ͑5͒ of 1.17, 1.07, 1.04, and 1.00 for Tϭ80, 200, 300, and 510 K, respectively, in reasonable agreement with our computed values of 1.187, 1.080, 1.047, and 1.023 for Tϭ100, 200, 300, and 500 K, respectively. They also noted that since reactions such as Eqs. ͑7͒ and ͑9͒ involve the same reactants ͓as does also the endothermic reverse of Eq. ͑12͔͒, single reversible reactions cannot be cleanly studied for these mixed ( 12 C, 13 C, 16 O, 18 O) systems. Similarly, the endothermic reverses of Eqs. ͑8͒, ͑9͒, and ͑11͒ have identical reactants. They do report that the appearance of channel ͑9͒ is about 10% of that for the less exothermic ͑by almost a factor of 2͒ channel ͑7͒, but as noted above, ͑7͒ is a simple proton transfer, while ͑9͒ involves breaking and reforming the CO bonds, which undoubtedly accounts for the greater importance of Eq. ͑7͒ compared to Eq. ͑9͒.
A striking result of these SIFT studies 10 of the HCO ϩ /CO exchange reaction is the observed decrease in both the forward and reverse rate constants as the temperature is increased from 80 to 510 K, a result strongly suggestive of a reaction pathway involving exothermic complex formation. We have located a centrosymmetric linear saddle point with connectivity OCHCO on the five-atom potential energy surface for COϩHCO ϩ . At the optimized CISD/6-31G** level the CO and CH separations are 1.115 and 1.382 Å, respectively, with the only imaginary vibrational wave number being 1039i cm Ϫ1 for an antisymmetric u stretching mode. The energy of this possible transition state structure for proton transfer between HCO ϩ and CO, and hence for at the CISD/6-31G** level, giving a total exothermicity of Ϫ50.1 kJ mol
. The imaginary u vibrational frequency in turn implies that a linear structure with unequal CH separations lies at a still lower energy, thus supporting the suggestion of exothermic complex formation at least for those HCO ϩ /CO exchanges which may occur by proton transfer rather than by breaking and reforming CO bonds. In the next section we discuss in greater detail complex formation and the observation 10 of similar anti-Arrhenius behavior in the reaction of C ϩ with CO. Equilibrium constants for the deuterium counterpart of Eq. ͑5͒, namely Table VI . The values are slightly higher than their proton counterparts due to the slightly higher exothermicity of the deuterium reaction. Values for the 18 O variant of Eq. ͑13͒ are not sufficiently different from those for Eq. ͑13͒ to warrant tabulation. and its deuterium counterpart
The exothermicities are small, but note that the direction of the reactions is the opposite of that for HCO ϩ /CO exchange, namely that there is a slight preference for 13 C being in CO rather than in HOC ϩ .
The reaction of C
؉ and CO Watson 9 proposed that significant chemical fractionation of C isotopes in the ISM might occur via the reaction if sufficiently large amounts of C ϩ were present. Given the significance of this proposal we have considered possible pathways for this isotope exchange. First, it may well be that such exchanges, assuming that they occur in the ISM, take place indirectly via exothermic reaction pairs such as does not lead to HCO ϩ production. Different rate constants for different C isotopes in a reaction pair can lead to chemical fractionation, although such differences are expected to be small for exothermic pairs such as Eqs. ͑19͒ and ͑20͒. Alternatively reaction ͑16͒ may proceed directly, via a C 2 O ϩ adduct, as is presumably the case in the laboratory SIFT studies of Smith and Adams. 10 They found K eq values, defined as the ratio k f /k r of forward and reverse rate constants, for reaction ͑16͒ to be 1.66, 1.20, 1.14, and 1.04 at Tϭ80, 200, 300, and 510 K, respectively; from the temperature dependence of K eq they extracted a ⌬E value of Ϫ40Ϯ6 K. Our calculated equilibrium constants for Eq. ͑16͒ are equal to the reduced partition function ratios for CO as given in Table II ; the values are 1.406, 1.172, 1.103, and 1.052 for temperatures of 100, 200, 300, and 500 K, respectively. A striking result was their finding that the individual rate constants decreased with rising temperature, k f by a factor of 2.6 as T increased from 80 to 510 K, and k r by a factor of 1.6. They interpreted this anti-Arrhenius behavior as evidence for adduct formation, which is the aspect of this reaction we explore next.
There have been a number of computational quantum chemical studies of C 2 O ϩ . First, HF/DZ ͑double-zeta͒ structures with C ϱv symmetry have been reported 31 for linear 2 ⌸ states with both CCO and COC connectivities, the latter with unequal CO bond lengths, as well as for a presumed linear saddle point structure with D ϱh symmetry. Results have also been reported at various higher levels of computation for the two linear 2 ⌸ states, 32, 33 for linear 2 ⌺ Ϫ and 4 ⌺ Ϫ states with CCO connectivity, 34 and for a triangular ͑C 2v symmetry͒ 4 A 2 transition state. 34 A state should meet two requirements for it to serve as an intermediate for reaction ͑14͒, first, that the 2 C atoms should occupy equivalent positions in the structure ͑thus excluding the linear CCO ϩ forms and the noncentrosymmetric COC ϩ form͒, and second, that the electronic state should be a spin doublet. The latter requirement follows from the spin state of C ϩ being a doublet ( 2 P) and that of CO a singlet, so that exchange proceeding through a quartet intermediate to doublet products would involve two curve crossings and thus be inefficient although not precluded. The only reported structure satisfying these requirements is the centrosymmetric COC ϩ saddle point, 31 with a HF/DZ energy approximately 32 kJ mol Ϫ1 above that of the C ϩ and CO reactants. We have located a total of 9 stationary points, 5 corresponding to spin doublets and 4 to spin quartets, on the C 2 O ϩ surface at the CISD/6-31G* level. Vibrational frequencies were calculated at this level from finite differences of analytic first derivatives, and then the energies were recalculated at the higher QCISD͑T͒/6-311G(2d f ) level using the CISD/6-31G* geometries. The energies and structures are summarized in Tables VII and VIII, respectively. We first discuss the spin doublets as they may be derived from the ground states of C ϩ and CO. The lowest energy spin doublet is the previously reported [31] [32] [33] linear 2 ⌸ state with connectivity CCO ϩ . The CC distance is long ͑1.600 Å͒, the CO distance short ͑1.094 Å͒, so the structure clearly represents an adduct of C ϩ and an only slightly perturbed CO. The energy is Ϫ250.7 kJ mol Ϫ1 relative to C ϩ ϩCO at the QCISD͑T͒/6-311G(2d f )//CISD/6-31G* level. However, this structure cannot account for the exchange of C atoms between C ϩ and CO. By contrast the linear 2 ⌸ state with connectivity COC ϩ may, as it is associated with a symmetric double-well potential energy function. The 2 ⌸ g state of the centrosymmetric D ϱh structure has an energy of Ϫ84.4 kJ mol Ϫ1 relative to C ϩ ϩCO at the QCISD͑T͒/ 6-311G(2d f )//CISD/6-31G* level, and is unstable with respect to the antisymmetric stretching mode leading to the 2 ⌸ state of a noncentrosymmetric C ϱv structure having an energy of Ϫ102.5 kJ mol
Ϫ1
. Figure 1 shows a schematic potential energy curve of the exothermic formation of this linear adduct; the relative energy values include zero-point energies at the CISD/6-31G* level as appropriate to the presence of one 13 C in the reaction. With this inclusion the D ϱh and C ϱv structures lie at Ϫ77.8 and Ϫ100.4 kJ mol
, respectively, relative to C ϩ ϩCO reactants. Our result confirms the conjecture 31 that this structure, which has an energy above that of the C ϩ and CO reactants at the SCF level of computations, would have an energy below that of reactants at a sufficiently high level of computation. Thus exchange of C atoms between C ϩ and CO may well occur via a spinallowed pathway through the centrosymmetric COC ϩ saddle point.
Another possible spin-allowed pathway for exchange of C atoms between C ϩ and CO involves the electronic state 2 A 1 for a structure with C 2v symmetry. This structure is a local minimum with an energy of Ϫ76.0 kJ mol Ϫ1 relative to that of C ϩ and CO at the QCISD͑T͒/6-311G(2d f )// CISD/6-31G* level. We have also located a saddle point with symmetry C s ; the electronic state is 2 AЈ, with an electronic energy 17.3 kJ mol Ϫ1 above that of the C 2v local minimum, or Ϫ58.7 kJ mol Ϫ1 relative to C ϩ ϩCO. The C s structure is characterized by one long CO bond of 1.482 Å, one short bond of 1.218 Å, a COC angle of 88.5°, and a single imaginary aЈ vibrational wave number with magnitude 603 cm Ϫ1 at the CISD/6-31G* level. These two spin doublet structures lie on the same potential energy surface, namely, one correlated to the 2 ⌺ ϩ state of collinear COC ϩ rather than to the 2 ⌸ state. ͓The latter gives rise to 2 A 2 and 2 B 1 ͑or 2 B 2 ͒ states in C 2v symmetry, but not 2 A 1 .͔ Thus a second possible spin-allowed pathway for C isotope exchange between C ϩ and CO might be that passing through a pair of C s saddle points separated by a C 2v local minimum. The highest energy along such a pathway is higher by 25.7 kJ mol Ϫ1 at the QCISD͑T͒/6-311G(2d f )//CISD/6-31G* level ͑Table VII͒ than that along the pathway passing through the centrosymmetric COC ϩ saddle point, but still below ͑by 58.7 kJ mol Ϫ1 ͒ that of the separated reactants.
Even allowing for some appreciable error in the computation of the energies of C 2 O ϩ structures relative to the energies of C ϩ and CO, we conclude that there no barrier to isotope exchange if reaction ͑19͒ proceeds via either of the above spin-allowed pathways, namely, either through the COC ϩ saddle point with D ϱh symmetry or through the C 2 O ϩ local minimum with C 2v symmetry. The COC ϩ 2 ⌸ state may be interpreted as arising from the 2 ⌸ components of the atomic 2 P term for C ϩ ; these have an empty p orbital which serves as an electron acceptor site from a filled orbital at the O end of CO, thus accounting for the linearity of this state of the adduct. The linear but noncentrosymmetric structure of this state is quite unusual; rare indeed are triatomic molecules, linear or bent, neutral or charged, of the formula ABA, with B as the central atom, but with AB bonds of unequal length. By contrast, the 2 AЈ (C s ) or 2 A 1 (C 2v ) state is nonlinear, as it is derived from the 2 ⌺ ϩ component of the atomic 2 P term for C ϩ and thus has an electron in the C ϩ p orbital. We have also considered spin quartet states of C 2 O ϩ . First, we refined the CISD/6-31G*//HF/6-31G* calculations of Cao and Tian 34 on the linear 4 ⌺ Ϫ local minimum and the isosceles triangular 4 A 2 transition state with C 2v symmetry. Our optimized CISD/6-31G* geometries ͑Table VIII͒ differ slightly but not significantly from the reported HF/6-31G* geometries; for the linear quartet the CC distance is 1.356 Å and the CO distance is 1.128 Å, while for the triangular transition state the CC distance is 1.394 Å, the CO distance is 1.319 Å, and the COC angle is 56.5°. Although the 4 A 2 state corresponds to a saddle point at the HF/6-31G* level, with imaginary b 2 wave number of 1415i cm
, it corresponds to a local minimum at the optimized CISD/6-31G* level, with real b 2 wave number of 2242 cm
. While the energy of the linear quartet is quite low, namely, Ϫ228.3 kJ mol Ϫ1 relative to C ϩ and CO at the QCISD͑T͒/6-311G(2d f )//CISD/6-31G* level, the connectivity CCO does not lead to an exchange of C atoms. The triangular structure with C 2v symmetry, which has equivalent C atoms and hence could lie on an exchange pathway, has a very high energy, namely ϩ80.4 kJ mol Ϫ1 at the same level. This high energy, plus the two electronic spin changes needed to pass from spin doublet reactants through this quartet intermediate to doublet products, precludes this structure as a likely route to isotope exchange between C ϩ and CO. We did locate two additional spin quartet local minima, the first being a 4 AЉ state with a nonlinear structure of only C s symmetry, unequal CO bond distances of 1.269 and 1.539 Å, a COC bond angle of 56.9°at the CISD/6-31G* level, and an energy of ϩ81.5 kJ mol Ϫ1 relative to C ϩ and CO at the QCISD͑T͒/6-311G(2d f )//CISD/6-31G* level. The energy of this structure is close to that of the isosceles triangular 4 A 2 state at this as well as at lower computational levels. Indeed the two structures represent two points on the same quartet hypersurface, both being local minima at the CISD/6-31G* level, although the higher symmetry C 2v structure is a saddle point at the lower HF/6-31G* level. Finally at a very high energy of ϩ131.2 kJ mol Ϫ1 relative to C ϩ and CO at the QCISD͑T͒/6-311G(2d f )//CISD/6-31G* level there is a 4 ⌺ u Ϫ state of a centrosymmetric structure with connectivity C-O-C ͑D ϱh symmetry͒ and CO distances of 1.242 Å at the CISD/6-31G* level. As we have been unable to locate any spin quartet structure for C 2 O ϩ having equivalent C atom positions and an energy comparable to or below that of C ϩ and CO, we conclude that C atom exchange takes place along an allowed spin doublet pathway involving exothermic formation of the adduct C 2 O ϩ , thus accounting for the observed anti-Arrhenius behavior of the rate constants. O. The ratios were obtained from unscaled vibrational frequencies computed at the CISD/6-31G** level ͑CISD/6-31G* for CO͒ and used to calculate equilibrium constants for isotope exchanges involving the reaction pairs HCO 
SUMMARY
ACKNOWLEDGMENTS
The author thanks Professor Charles Cowley of the University of Michigan Department of Astronomy for the suggestion of this problem and for many helpful discussions. He also thanks Mr. William Ahrens for assistance with the computations.
